The internal transcribed spacers of nuclear ribosomal DNA (nrITS) from 43 species of Nepeta and representatives of closely related genera (Lallemantia, Dracocephalum and Agastache) and outgroups (Lavandula, Stachys, Newcastelia and Prostanthera) were sequenced. Parsimony analysis indicated that Nepeta is monophyletic and composed of five major monophyletic groups, most of which comprise species belonging to more than one section in previous classifications. These five clades are composed of: (1) sect. Spartonepeta; (2) sects. Macronepeta + Spicatae; (3) sects. Nepeta + Micranthae p.p. + Oxynepeta + Schizocalyx + Macrostegiae; (4) sects. Capituliferae + Denudatae + Micranthae p.p. + Micronepeta p.p.; and (5) sect. Psilonepeta. The phylogenetic relationships among species of these groups are congruent with the distribution of some floral characters, including corolla shape, bract texture, color and pollen exine ornamentation.
E INTRODUCTION
Nepeta L. has approximately 300 species, most of which are herbaceous perennials, widely distributed in Eurasia. It is one of the largest genera of subfamily Nepetoideae, tribe Mentheae (Lamiaceae) in southwestern Asia. The greatest diversity and species richness within the genus are found in two regions: southwestern Asia, especially Iran where species representative of most sections occur (12 sections; Rechinger, 1982) and the western Himalayas, including the adjacent Hindu Kush (Poyarkova, 1954) . Many morphological characters in Nepeta are variable, and some of these, such as indumentum, calyx characters, leaf shape and size, can vary among closely related species. Leaf morphology is variable even within a single species. As a result, diagnostic use of such characters above the species level is problematic. Nutlets are good characters for species recognition (Hedge & Lamond, 1968; Budantsev & Lobova, 1997; Jamzad & al., 2000; Jamzad, 2001) , but species in different sections share the same kind of nutlet ornamentation, so their utility for infrageneric classification has been unclear. In contrast, pollen tectum ornamentation has not been used but appears to have potential value for classification at infrageneric levels (Jamzad, 2001) .
Not surprisingly, previous infrageneric classifications of the genus based on such unreliable characters have been in conflict (monographs: Bentham, 1848; Briquet, 1896; Budantsev, 1993; and regional floras: Boissier, 1879; Poyarkova, 1954; Rechinger, 1982) . For example Bentham (1848) placed Nepeta (109) species into eight sections and five subsections. Briquet (1896) recognized 150 species in two sections and 15 subsections. Budantsev (1993) revised the genus, basing his infrageneric system mainly on that of Pojarkova (1954) but with minor changes. He recognized 19 sections and 13 subsections and listed 210 species in Nepeta. However, his treatment did not cover all species recognized by that date, and many described names have neither been included in his list nor recognized as synonymous. Three general infrageneric classifications of Nepeta are summarized in Table 1 , showing different species placements of each author. Furthermore, generic delimitation has been unclear, and the close allies of Nepeta, i.e., Dracocephalum, Drepanocaryum, Glechoma, Hymenocrater, Lallemantia, and Lophanthus need to be investigated and their relationships with Nepeta evaluated.
In this study, phylogenetic relationships among species of Nepeta and some of their close generic allies were examined using sequences of the internal transcribed spacers of nuclear ribosomal DNA (nrITS). The utility of ITS sequences at infrageneric level in Lamiaceae has previously been evaluated in only a few cases, i.e., Clerodendrum (Steane & al., 1999) Lavandula, (Upson, 1997 , Mattner, 2002 Upson & Jury, 2002) ; Sideritis (Barber & al., 2002) ; and Monarda (Prather & al., 2002) . Furthermore, the potential value of some morphological characters, e.g., floral characters, for phylogeny reconstruction, was assessed relative to the patterns obtained from analyses of ITS variation. ITS sequences have provided a useful source of phylogenetic data in many families and genera of angiosperms (Baldwin, 1992; Pridgeon & al., 1997; Molvray & al., 1999; Adams & al., 2000; Crespo & al., 2000; Hodkinson & al., 2000; Albach & Chase, 2001; Richardson & al., 2001; Bello & al., 2002) , and as such are appropriate to analyze Nepeta and related genera. 
i MATERIALS AND METHODS
Species for this study were selected based on previous classifications (Bentham 1848; Briquet, 1896; Budantsev, 1993) , but with a focus on Iranian taxa. Thirty-four species of Nepeta covering representative species of six sections in Bentham's classification and ten sections in Budantsev's classification were sampled (Table 2) . Five other representative species of subfamily Nepetoideae, tribe Mentheae (Cantino & al., 1992) in Agastache, Dracocephalum, and Lallemantia were included. One species each from Lavandula (Lavanduleae), Stachys (Lamioideae), Prostanthera and Newcastelia (Chloanthoideae) were included as outgroups. Voucher specimens were deposited at K (Royal Botanic Gardens, Kew, United Kingdom) and TARI (Research Institute of Forests and Rangelands, Iran).
DNA was extracted mostly from fresh leaves using a 2X CTAB protocol modified from Doyle & Doyle (1987) . The DNA samples were purified by caesium chloride/ethidium bromide (1.5 mg/ml) equilibrium density gradient centrifugation. The ITS region including the 5.8S gene was then amplified with the primers 17SE and 26SE of Sun & al. (1994) , using the following protocol: 28 cycles, each consisting of 94° C for one minute, annealing at 50° C for one minute, extension at 72° C for three minutes and further extension for seven minutes. A PCR mixture containing 1.5 mM MgCl was used (ABGene, Inc.), but we added 2% DMSO (dimethyl sulfoxide; Varadaraj & Skinner, 1994) to reduce the effects of secondary structure and allow PCR primers to bind more efficiently to the functional copies of ITS. PCR products were cleaned using the Concert Rapid PCR Purification System (GIBCO BRL) following the manufacturer's protocols. PCR products were sequenced in both directions with the same primers used for amplification using the Big Dye cycle sequencing mixes (version 2.0) of Applied Biosystems Inc. according to the manufacturer's protocols except that we used only 1 pl of the cycle sequencing mixes in a total reaction volume of 10 pl, to which we also added 2% DMSO to help the Taq polymerase get through regions of strong secondary structure. The samples were run on a Prism 377 DNA sequencer (Applied Biosystems, Inc.) with the standard conditions and protocols recommended by the manufacturer.
Sequences were edited using Sequence Navigator and assembled using Autoassembler (Applied Biosys- Jamzad & al. (2003) . tems, Inc.) on a Power Macintosh computer. Each position was checked for agreement of the two strands. Sequences were aligned by eye following the recommendations of Kelchner (2000) . Although these recommendations were specifically meant for plastid non-coding DNA regions, they similarly apply to ITS nrDNA.
Computerised alignment software does not treat the various categories of insertion/deletions (indels) differently, and to optimise the alignment the nature of the indel pattern must be taken into account to obtain a better assessment of homology. Phylogenetic analysis was performed with PAUP (phylogenetic analysis using parsimony) version 4.0b8 (Swofford, 2000) . Indels were treated as missing data, and thus no length characters were incorporated into the analysis. The search strategy was 1000 replicates of random taxon-entry addition with no differential weighting applied (equally weighted parsimony; Fitch, 1971) , subtree pruning and regrafting (SPR) swapping, MulTrees (saving multiple, equally parsimonious trees) on, but saving only ten trees per replicate to reduce time spent in swapping on large number of trees. The shortest trees from this search were then used as starting trees and up to 10,000 were saved and swapped to completion using SPR. Internal support for clades was determined by performing 1000 replicates of the bootstrap (Felsenstein, 1985) using equal weights, SPR swapping, and MulTrees on, but holding only ten trees per replicate to reduce time spent on each replicate. All but three sequences have been submitted to EMBL/GenBank (Table 2 ). An aligned matrix can be obtained directly from MWC (m.chase@rbgkew.org.uk).
E RESULTS
The aligned ITS sequence matrix included 801 characters of which 141 (17.6%) variable characters were parsimony uninformative and 183 (22.8%) potentially parsimony informative. In the heuristic search, we found more than 10,000 equally parsimonious trees (the limit we enforced) of 752 steps with a consistency index (CI) = 0.69 (CI excluding uninformative characters = 0.53) and a retention index (RI) = 0.66. One of these trees is shown in Fig. 2 , with branch lengths indicated above (ACCTRAN optimization) and bootstrap percentages (BP) below each branch. Only bootstrap percentages consistent with the strict consensus tree and greater than 50% are presented. An arrowhead indicates groups absent from the strict consensus of all 10,000 trees (Figs.  2 and 3) .
The genera examined from Mentheae (Cantino & al., 1992) are monophyletic (BP 94). Agastache and Dracocephalum are sister genera, and Lallemantia is sister to these. Furthermore, Nepeta is monophyletic but with only BP 56. Within Nepeta, two larger clades are present. Clade I contains a small group of three species (BP < 50). Nepeta glomerulosa and N. balouchestanica are sister taxa (BP 100), and within this clade, N. mirzayanii is their divergent sister species (BP < 50). Clade II contains all the other Nepeta species, within which four subclades are consistently identified. The clades correlate only weakly with previous infrageneric classifications ( Table  3) (Fig. 2) .
The third subclade (C; BP 98) contains N. eremophila, N. mahanensis, N. pungens, N. cephalotes, N. ispahanica, N. gloeocephala, N. bornmuelleri, N. hormozganica, N. straussii, and N. denudata. The last two species (BP < 50) are isolated from the other members of this subclade, which are well supported (BP 89).
The fourth subclade (D; BP 100) contains N. laxiflora and N. oxyodonta. Clades B and C are sisters (BP 52), and D is sister to these.
E DISCUSSION
Relationships of Dracocephalum and Lallemantia are significant in relation to the previous ideas that these genera are synonymous (Budantsev, 1993) . Our results indicate that they are not as closely related as considered by Budantsev (1993) . Previously, analysis of restriction site variation of plastid DNA (Wagstaff & al., 1995) showed Lallemantia to be sister to Nepeta, and in an analysis of plastid rbcL DNA sequences (Kaufmann & Wink, 1994) Dracocephalum and Agastache belonged to two groups in a clade separate from Nepeta (Lallemantia was not included in their study). However, some phytochemical data are congruent with this result (Jamzad, 2001) , showing a close relationship of Nepeta to Lallemantia and their distinction from Dracocephalum.
It is desirable to identify morphological characters correlated with the relationships found with ITS. In a morphological cladistic analysis of Nepeta (Jamzad, 2001) , the potential value of some morphological characters (e.g., bract type and corolla pattern, pollen exine type and inflorescence architecture) for phylogeny reconstruction were evaluated and proved to be significant. The texture and color of bracts are diagnostic characters distinguishing the two large Nepeta clades (clades I and II; Fig. 2 Fig. 2 . One of the more than 10,000 most parsimonious trees found in the heuristic search of the ITS data (length = 752 steps, Cl = 0.69 and RI = 0. 66). Branches that collapse in the strict consensus tree (Fig. 3) are indicated by an arrowhead. Branch lengths (ACCTRAN optimisation) are presented above branches and bootstrap >50% are below. Only bootstrap percentages consistent with the strict consensus tree are presented. Side bars indicate outgroups and clades within Nepeta discussed in the Results and Discussion. characteristic of the monophyletic groups identified in this molecular study (clade I and subclades A-D of clade II; Fig. ) . Also ornamentation of the exine tectum had diagnostic value (Jamzad, 2001) . Diagnostic traits for these clades are summarised in Table 4 .
Comparing the Nepeta clades derived from analysis of ITS with the previous sectional classifications by Bentham (1848) , Briquet (1896) and Budantsev (1993) reveals that most clades contain members of more than one section, and furthermore the position of some species is significantly different from that previously considered (Table 3) . One of the members of the first clade, Nepeta glomerulosa Boiss. and its closely related species, N. juncea Benth., were treated in sect. Pycnonepeta subsect. Laxae by Bentham (1848) , but in sect. Spartonepeta (Briq.) Rech.f. by Budantsev. However, our ITS results demonstrate that they are a monophyletic group close to members of clade II, group A (sects. Macronepeta and Spicatae). Nepeta balouchestanica is sister to N. glomerulosa. The other species that may be considered to be a member of this clade is N. bokhonica Jamzad (Jamzad, 1999) , which is characterized by the same morphological characters as the species of clade I. Nepeta mirzayanii is different morphologically but placed as an isolated sister to this clade and has uncertain affinities. It was placed in sect. Micranthae, and its closest relatives were thought to be N. eriosphaera Rech.f. (a likely synonym of N. mirzayanii), N. straussii and N. bakhtiarica (Rechinger, 1982) . Nepeta straussii, however, is also placed in clade II C (Fig. 2) . Adding more taxa to the matrix and gathering more data may bring the closely related species together and result in a better resolved group. Clade II includes all other examined species of Nepeta. Each of the four sub- clades (labeled from A to D; Fig. 2 ) reflects more than one recognized section in previous classifications (Bentham, 1848; Budantsev, 1993) . Subclade A contains species that have different positions in each of these classifications (Table 3) . Nepeta crispa and N. sibirica (= N. macrantha) were considered to be in sect. Macronepeta Benth. by Bentham (1848) ; Budantsev (1993) recognized N. crispa as well as N. menthoides, N. pogonosperma, N. binaloudensis and N. assurgens in sect. Spicatae (Benth.) Poyark. but placed N. sibirica in sect. Macronepeta; Boissier (1879) considered them (excluding N. sibirica) to be in sect. Eunepeta subsect. Catariae; and Briquet (1896) followed Boissier's system. This subclade includes sects. Spicatae and Macronepeta, but N. cataria does not belong to this group, contradicting both Boissier (1879) and Briquet (1896). Subclade A may be divided into three subgroups. There is a menthoides group including N. menthoides, N. pogonosperma, N. binaloudensis and N. crispa. Three other species not examined in our study, namely N. elymaitica Bornm., N. asterotricha Rech.f. and N. chionophila Boiss. & Hausskn, as well as possibly the Central Asian endemic, N. knorringiana Poyark. (sect. Glecomanthe subsect. Catantherae), might be included here. The presence of branched hairs on several plant parts and basal scale-like leaves are unique characters distinguishing this group of species from the other groups in subclade A (Jamzad, 1991) . The second group is the assurgens group that might possibly include some other species of sect. Spicatae such as N. rivularis Bomm., N. laevigata (D. Don) Hand.-Mazz., and N. lin- (Fig. 2) . The first group of N. mussini and N. saccharata is partly congruent with Bentham's concept of sect. Cataria in that some of the annual species (sect. Micranthae, i.e., N. meyeri) were recognized in sect. Cataria. However, N. saccharata was described later (Bunge, 1873) .
The second group within subclade B is composed of two species of sect. Oxynepeta, N. congesta var. cryptantha and N. heliotropifolia. These were recognized as an isolated and well-defined group in all previous classifications (Table 1 and 3) and even described as an independent genus, Oxynepeta, by Bunge (1873) . They have the derived floral character of gynodioecious flowers (Rieseberg & al., 1992) . However, the relationship discovered in the analysis of ITS for these species and other species of subclade B is supported by their shared corolla pattern.
The third group consists of species of sect. Nepeta (N. cataria, N. crassifolia), sect. Micranthae (N. meyeri, N. wettsteinii ), and sect. Macrostegiae p.p. (N. isaurica). This group is not well supported, which could be the result of insufficient sampling, but this grouping of annual species (i.e., N. meyeri and N. wettsteinii) with perennial species (i.e., N. cataria and N. crassifolia) is congruent with Bentham's classification, but later authors (Boissier, 1879; Briquet, 1896; Pojarkova, 1954; Budantsev, 1993) grouped the annuals in a separate section, Micranthae (Table 3 and 4). Nepeta isaurica was recognized in sect. Pycnonepeta subsect. Laxae by Bentham, but Budantsev treated it in sect. Macrostegiae. Our results indicate a close relationship between it and the species of sect. Nepeta.
Nepeta wettsteinii and N. kurdica were previously treated as synonymous (Rechinger, 1982) , but our results demonstrate that these species need further consideration before they are lumped (Fig. 2) .
The fourth group consists of N. fissa, N. kurdica and N. scrophularioides. Nepeta fissa (= N. teucrifolia Willd.) was placed together with N. sibirica and N. crispa in sect. Macronepeta by Bentham, but there is no morphological support for considering N. fissa in this group. Budantsev placed N. fissa and N. scrophularioides in sect. Schizocalyx. The results of our work confirm the relationship between N. fissa and N. scrophularioides and indicate that these species are closely related to those in sects. Nepeta and Micranthae p.p. The corolla pattern in N. fissa and N. scrophularioides is similar to that in species of sects. Nepeta and Micranthae p.p.
Bentham placed N. schiraziana in sect. Micronepeta, and he considered it to be closely related to N. ispahanica. Nepeta ispahanica is nested in subclade C, but our results show that N. schiraziana has an uncertain position; it falls outside groups B and C in the strict consensus tree, although the two subclades are closely related.
Based on floral morphological characters, members of sect. Orthonepeta Benth. are the putatively most closely related group to members of subclade B. However, species representative of this group, for example N. nuda L. and N. sintenisii Bomm., were not available for inclusion in our study.
Subclade C includes species of sect. Pycnonepeta subsect. Capituliferae (N. cephalotes and N. gloeocephala), sect. Micronepeta series Pungentes Pojark. (N. pungens), and sect. Micranthae series Ispahanicae Pojark. (N. ispahanica, N. bornmuelleri, N. eremophila, N. mahanensis and N. hormozganica). Rechinger (1982) treated N. ispahanica and N. eremophila as synonyms. However, these species have different ITS sequences, and there are also morphological differences between them in habit and nutlet morphology (Jamzad, 2001) . Nepeta straussii is an isolated species within this subclade and was placed in sect. Micranthae subsect. Planidentatae (Budantsev, 1993) . Our results indicate that N. straussii is not closely related to the other species of this subsection (N. wettsteinii, N. kurdica).
Nepeta denudata is the other member of subclade C that had different positions in previous classifications, for example in sect. Macronepeta, Eunepeta subsect. Denudatae, Eunepeta subsect. Psilonepeta, sect. Psilonepeta and sect. Denudatae. Our results indicate that N. denudata is an isolated species in subclade C, perhaps related to members of sect. Capituliferae. However there are phytochemical differences in the terpenoid profile between N. denudata and the others in this subclade (Jamzad, 2001) . A unique combination of morphological characters among Nepeta species is present in N. denudata: the presence of scattered hairs inside the calyx tube, an oblique calyx throat and a lax, small capitulum. Considering its position in the ITS analysis and its morphological characteristics, N. denudata should be recognized as a taxon separate from sect. Capituliferae.
Members of the fourth subclade (D) are N. oxyodonta and N. laxiflora of sect. Psilonepeta [= sect. Eunepeta subsect. Psilonepeta]. The section contains 11 species (Rechinger, 1982) , mainly Iranian endemics. Other species of sect. Psilonepeta that have been examined in this research, N. denudata (Boissier, 1879) and N. scrophularioides (Rechinger, 1982) have different positions in the ITS tree. Nepeta scrophularioides is nested in a separate subclade (B) within this clade and is closely related to N. fissa; N. denudata is placed within the third subclade (C) of clade II. The endemic western Iranian species of sect. Psilonepeta (including N. laxiflora and N. oxyodonta) were transferred to Lophanthus by Levin (1941) . There are some putative morphological and phytochemical characters among species of sect. Psilonepeta and two closely related genera, i.e., Hymenocrater (Jamzad, in prep.) and Lophanthus that support recognizing the species of these two genera as members of Nepeta sensu lato. Sequencing ITS for species of Hymenocrater and additional species of Lophanthus may provide evidence for this hypothesis.
E CONCLUSIONS
The phylogenetic relationships among species of Nepeta inferred from ITS sequences provided patterns that are correlated with some morphological characters, and thus can be used as the foundation of a new phylogenetic infrageneric classification for the genus. However, representative species of sections Glechomanthe, Tibetinepeta, Appendicula, and Orthonepeta need to be examined. Five natural groups of species are recognized, and each of these may be considered as a section. Informal groupings of species that could be the basis for a future classification are presented in Tables 3  and 4 . Unsampled species may be assigned on the basis of the morphological characters that co-vary with those groups observed in the ITS analysis.
